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Thi*  quarterly  progvin  report  covers  the  t^iird  quarter  of  a 
oae-year  research  contract  c«a  Interactions  of  PlasM  Flovs  Mnsnetic 
rieMs.  Ihe  study  includes  "both  theoretical  and  experla«ntal  work  in 
■B«netohydrodynaad.cs  and  atflperconductlvlty. 

Ihe  third  period  has  been  spent  operating  the  proijraus  initiated 
and  developed  in  the  first  and  second  periods.  This  report  covers 
these  activities. 
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A.  fREaarr  ssmjs  of  K^Boafr 

To  facilitate  neaaureaants  on  the  plaaaMi  Jet,  tvo  water  flov  jaetera 
have  been  added  in  carder  to  »e#aare  the  quantity  of  water  cooling  the 
aecnabXe  euad  fixed  electrodea.  Several  theraiatere  have  also  been  added 
at  various  points  in  the  cooling  eystesi  for  heat  transfer  aeasureatents. 

Construction  of  a  solenoldal  elactnaaagpnet  for  further  plascai-aagxtetic 
field  interaction  studies  is  now  in  progress.  Ihe  elsctrosaigaet  will  be 
Mounted  inside  the  first  section  of  <die  duip  tank  in  order  to  allow  the 
plaffiata  stream  to  pass  coaxially  through  the  field  region. 


B.  IHECSUETICAL  STUDIIS  OF  PU^SMA  nTTERACTIOS  WITH  A  MAGI®T  FIEID 


In  the  induction  MS)  generator.  Figure  1,  slugs  of  aovlng  plasaa 
interact  with  the  ssagaetic  field  of  a  solenoid  to  produce  electrical  energy. 
For  this  type  of  geonotiy,  there  have  been  few  investi gat ions  of  either  an 
experlnental  or  theorOliOal  nature.  *  However,  by  tsaking  cex^aln  assuaptions 
and  approxiaations,  an  e]Q>ressioa  for  the  generated  voltage  can  be  dctemined. 

The  approach  used  is  to  divide  the  plasaa  slug  into  several  sisall, 
finite  rings.  Using  the  autual  inductance  bet.if^n  tvo  conducting  loops  an 
expresaion  is  then  found  for  the  induced  voltage  produced  by  the  interaction 
of  a  plaana  ring  with  a  current  carrying  conductor.  The  results  can  be 
generalized  to  the  case  of  a  solenoid  and  a  conducting  slug  by  nuaerlcal 
integration  or  by  graphical  sseans. 

Assuming  the  plaaaa  ring  noves  coaxially  with  a  constant  velocity  U  aa 
shown  in  Figure  2,  then  the  Instanteneous  value  of  the  mutiuLl  inductance 

3 

between  the  current  carrying  condxictor  and  the  plaaisa  ring  can  be  written; 


M 


k 


^  r. 


(1  -  5-)K(k)  -  E(k) 


(1) 


where: 


.2  Ifab 

k  .  - - - 

(a  +  b)^+» 


(2) 


and  z  is  given  by  z  >  Ut.  Expanding  the  elliptic  integrals  K(k)  and  E(k) 
in  infinite  series  in  terms  of  the  aodulus  k  yields; 

H  .«M(ab)^  (3) 


idiere  is  a  coefficient  resulting  fron  the  cottbinatlon  of  the  coefficients 
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of  the  seriei  expiJision*  of  the  elliptic  integral*.  By  finding  the  flux 
linking  the  two  locqpa  ead  differentiating  accordingly,  the  induced  voltage 
in  the  carrying  conductor  is  found  to  be: 


e 


'"S?b 


(k) 


ifttere  ^  Is  the  plasaa  conductivity,  A  the  crose-sectionai  area  of  the 
plaaaai,  the  current  in  the  statlc^iary  loop,  and  M  is  fr«a  equation  (3). 
Equation  (4)  is  preaented  in  Figure  3  in  terase  of  the  noraalized 

paraiaeters  D  *  S/t,  R  *  a/b,  ajod  E  •  - 3-^2 - *  valiws  of  R  chosen 

«OU’~U  I,  A 

X 

correspond  to  values  which  will  he  used  in  the  nua»erlc«l  integration.  An 
apparatus  has  been  constructed  to  verify  the  preceding  caiculatlona,  and 
a  coHsputer  prograjo  has  been  written  for  the  nisaerlcal  integration.  Details 
of  the  developiaent  of  equation  (^}  are  Given  in  Report  UAPL  Ho.  I8. 
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C.  PLASMA  ELECTRICAL  CORDUCTIVTry 
1.  Theoretical 

The  electrical  conductivity  of  an  ionized  gas,  or  plasma,  is  dependent 
ui>on  several  variables,  i.e.,  teKq;>e-ature,  pressure,  cross-section,  etc., 
which  arc  not  all  independent.  Because  of  this  cooqplexity  it  has  been 
necessary  to  develop  theoretical  expressions  which  are  applicable  only  to 
certain  ranges  of  ionization.  To  provide  numerical  values  of  the  conductivity 
for  comparison  with  experisiental  results,  these  conductivity  expressions  have 
been  taken  from  the  literature  and  prograoBoed  on  an  IBi  65O  coirputer. 

Tabulated  values  and  graphs  which  show  the  relationship  between  the  varlou* 
theories  are  presented  for  a  tengwrature  range  ‘  jO,OOC  °K.  Results 

for  five  different  gases  at  various  pressures  are  given  In  Reporc  JAPL  Sc.  I6. 
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2 ,  £3g;)erl8M»it&l  HeMureaent 

Bec*us«  of  th«  difflcttlti*#  *ncouQtered  vlth  using  direct  probe 
maA  microwave  techniques  for  plasma  conductivity  measuraaent^  an  R.  F. 
probe  using  a  cryatsd.  controlled  oscillator  has  been  constructed.  The 
oscillator  is  coupled  to  an  Inductance  or  search  coil  vhich  is  njounted 
on  a  ceramic  tube,  and  when  plaaaa  is  present,  R,  F.  power  is  dissipated 
and  appears  as  an  additional  resistive  load  to  the  oscillator.  By  proper 
calibration  of  the  instrument  absolute  conductivities  cart  be  measured. 

Calibration  was  accostpllshed  uslnc  JCCl  and  NaCl  solutions  at 
different  normalities  with  the  zero  conductivity  condition  determined  1^ 
the  use  of  distilled  water.  The  oscillator  was  also  checked  for  drifting 
and  a  drift  of  only  1.5%  was  observed  over  a  2U-hour  period  of  time. 

Figure  h.  indicates  a  typical  conductivity  curve  for  the  plasma  jet 
at  low  input  power  eui  a  function  of  the  discharge  current  in  the  jet  nozzle. 
Ihe  voltage  drop  across  the  electrodes  was  constant  at  39  volts,  and  the 
gas  (nitrogen)  flow  rate  was  0.6  grams  per  sec.  A  nore  detailed  description 
of  the  apparatus  and  jaeasurements  is  given  in  Report  U/vPl  Nc .  IT. 

D,  JET  VELOCITY  MEASURatHfTS 

Measurement  of  the  jet  velocity  was  aceoopliahed  by  discharging  a  bank 
of  capacitors  across  the  electrodes  and  measuring  the  velocity  of  the 
luminous  ionized  gas  created  by  the  discharge.  The  previously  described 
three-gap  triggering  tsechanism  was  used  for  a  total  capacitance  of  10i.sf 
and  12,000  volts. 

To  find  the  velocity,  two  photocells  (Figure  5)  were  placed  a  known 
distance  apart  and  the  time  of  travel  of  the  luminous  gas  between  the  photo¬ 
cells  was  measured  with  an  oscilloscope.  Several  tests  were  performed  under 
two  different  types  of  meaeureaents :  t.ho8e  of  steady  state  conditions 
(l.e.  those  conditions  of  flow  and  dump  tank  pressure  wtiich  could  be  held 
constant  for  a  sufficient  length  of  time)  and  those  of  transien’-  conditions 
(i.e.  those  conditions  of  hlgji  flow  rate  and  low  dump  tank  pressure  which 
could  be  held  constant  only  for  a  short  i>erlod  of  time  due  tc  the  efficiency 
of  the  vacuum  pump) 

Figure  6  shovr  a  typical  run  for  a  nozzle  with  3A"  input  diaireter 
and  1-11/16"  outpu’  diameter.  Ihese  measurenents  were  of  the  transient  type. 
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The  vmcuuB  vas  allowed  to  the  duss>  tank  pressure  doim  to  a 
epeclflc  value  and  the  flov  vaa  thea  eet  at  various  levels. 

Steady  state  sMsasurementa  vere  aade  by  setting  the  flov  at  a  specific 
level  a»i  then  alloving  the  punp  to  stabilize.  Measuresaents  were  Aide  at 
various  levels  and  typical  values  are  given  belov  in  Table  I. 


TABLE  I 


Pressure 

SB 

Flow 

gr/aec 

Velocity 

13 

0,590  . 

410 

15. 

0.890 

380 

17 

1.190 

350 

_ 23 _ 

l,70O 

320 

E.  HEAT  TRAKSFES  MZASUREMQITS 

Figure  T  shows  the  distribution  of  water  supply  and  the  location  of 
the  thermiators  used  for  heat  transfer  aeasurettents .  The  thersiistors  vere 
calibrated  with  a  standard  themcuBeter  so  that  absolute  values  of  teoperature 
could  be  aeasured. 

Several  testa  vere  coadoatgd  to  find  the  anguat  of  Beat  exchange  at  the 
electrodes,  but,  because  of  burnout  difficulties  with  the  electrodes,  the 
tests  were  conducted  only  at  lov  power  li^uts.  Data  obtained  during  a  teat 
is  given  below: 

Input  Power  •  *1  «  39  x  135  ■  5*25  kv 

Duration  •  10  minutes 

ftess  flov  rate  of  (M  •  l.U  gr/sec 

IhRQ)  tank  pressure  -  15  on  Kg 

Heat  exchange 

(a)  Fixed  electrgde  -  135  BTU/nin  •  2,37  kw 

(b)  Moveable  electrode  «  27  BTU/min  -  0.475  jtv 
V/ater  flov  in  moveable  electrode  •1-35  Oal/mln 
Water  flow  In  fixai  glectrode  •  h  Cal/mln 
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Several  tacts  hava  conAuetafi  at  dlfftsrKSt  ingput  poaar  Isvals 
f&j?  pasTposs  of  flnAlof  ths  eenditlcas  for  stabla  oparatlon.  it  was 
fo^  that  iafut  power  levals  of  5  to  7  kw  fiwa  staady  oparatlon  op  to 
10  ninutas  and  tha  alaetrode  wear  is  rcaaoahbla.  riiiure  8  shows  two  anote 
tungsten  elactrodas.  Before  they  had  hean  used  both  the  alectrodas  had 
flat  heads  and  their  laiifth  was  om  Inch.  Tha  electrode  (a)  (anode)  was 
used  at  kw  power  input  (disdiarge  voltage  x  discharge  current)  for  a 
period  of  15  ainutas.  As  shown  in  the  pteturey  the  anode  was  partly 
■sited  close  to  the  andj  and  only  a  very  snail  snount  of  naterlal  was 
dissipated.  During  this  period  the  cathode  showed  no  effocto.  When  hligier 
input  power  was  applied  to  the  aleetrodes  it  was  found  that  the  operation 
was  unstable.  Another  run  was  conducted  at  ll».5  kw  for  a  period  of  2 
■Inutes*  during  which  tine  the  anode  was  shortened  by  half  an  inch 
(Figure  8b).  The  cathode  also  began  to  Show  si|pos  of  dissipation. 

It  la  ^^parant  that  for  higher  then  10  kw  input  power  a  different 
configuration  of  electrodes  Bust  be  ueod.  At  the  present  tine,  different 
esperioents  are  in  progress  to  Investigate  tha  influsnee  of  currant  density 
on  the  wear  of  alactrodes.  Bf  havlag  a  batter  distribution  of  current 
density,  it  is  anticipated  that  tha  life  of  tha  alectrodas  will  be  incraaeed 
and  the  arc  oparatlon  will  be  nore  stable. 

0.  ■TAliMIKV  or  AC  MD  QMMIQi  FOR  BB-WItf 

The  rsplaeanent  of  ■etalUe  eooduetors  by  gaseous  ccoductors  has  slrsady 

Isd  to  tha  ganaration  of  alaetrleal  power.  This  type  of  generator, 

a  dc  aagnetoliidrodyiMBic  gtnarator,  utiliias  tha  interaction  of  an  ionlxad 

gas  flow  through  a  transverse  minctic  field.  A  coaponent  of  cui^ront  Is 

produced  transversely  to  the  strains  and  to  the  applied  nagnet  flald.  Hmm 

net  dc  electric  power  can  be  produced.  Ibis  type  of  generator  has  sons 

Inherent  problens  in  the  design  and  operation.  For  this  reason  it  has  baan 

proposed^  tc  Investigate  the  feasibility  of  adq^ing  the  theory  of  ac  iaduetlon 

o 

generators  to  nagnetohydrodynaadc  power  generation.  Bernstein  et  al,  have 
solved  the  problSB  for  a  cnannel  with  a  rectangular  cross  section.  Noltlphase 
coils  are  arranged  on  the  upper  and  lower  sides  of  the  channel  to  provldo  a 
nagnetic  field  of  the  fora  B  espj  (kx  •  irt)  which  advances  downstreaa  with  a 
l^iase  velocity  »/k.  The  gss  flows  in  the  saess  direction  with  a  wsloeity 
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fr««ter  thiurt  the  phwie  velocity,  s^uch  that  cm  interaction  between  the 
conducting  g«e  and  the  Magnetic  field  takee  place.  Diis  type  of  inter¬ 
action  produce#  ac  power.  For  efficient  operatlcm,  the  conductivity  of 
the  gaa  »U8t  be  above  ICX)  ahoe/aeter.  During  re-entry  of  a  apace  vehicle, 
the  coaiuctivlty  of  a  shock -wave  in  air  at  18^,000  feet  axid  Mach  Ho.  20 
la  400  ahes/iaeter^  and  rlaea  rapidly  to  1200  aiioa/aaster  at  Mach  Ho.  24. 

ThiB  Indicates  that  an  induction  aegnetohydrodyn«Blc  generator  could 
efficiently  provide  power  during  the  re-entry  period.  In  order  to  investi¬ 
gate  this  possibility  a  theoretical  study  has  been  initiated  and  the  results 
will  be  published  soon  in  a  later  rep^jrt. 
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